Abstract. Native mass spectrometry (MS) is a rapidly advancing field in the analysis of proteins, protein complexes, and macromolecular species of various types. The majority of native MS experiments reported to-date has been conducted using direct infusion of purified analytes into a mass spectrometer. In this study, capillary zone electrophoresis (CZE) was coupled online to Orbitrap mass spectrometers using a commercial sheathless interface to enable high-performance separation, identification, and structural characterization of limited amounts of purified proteins and protein complexes, the latter with preserved non-covalent associations under native conditions. The performance of both bare-fused silica and polyacrylamide-coated capillaries was assessed using mixtures of protein standards known to form non-covalent proteinprotein and protein-ligand complexes. High-efficiency separation of native complexes is demonstrated using both capillary types, while the polyacrylamide neutral-coated capillary showed better reproducibility and higher efficiency for more complex samples. The platform was then evaluated for the determination of monoclonal antibody aggregation and for analysis of proteomes of limited complexity using a ribosomal isolate from E. coli. Native CZE-MS, using accurate single stage and tandem-MS measurements, enabled identification of proteoforms and non-covalent complexes at femtomole levels. This study demonstrates that native CZE-MS can serve as an orthogonal and complementary technique to conventional native MS methodologies with the advantages of low sample consumption, minimal sample processing and losses, and high throughput and sensitivity. This study presents a novel platform for analysis of ribosomes and other macromolecular complexes and organelles, with the potential for discovery of novel structural features defining cellular phenotypes (e.g., specialized ribosomes).
Introduction N ative mass spectrometry (MS) enables the analysis of proteins, non-covalent assemblies of proteins, small ligand molecules and ions associated with proteins, and even macromolecular particles (e.g., viruses, ribonucleoprotein particles, exosomes) in their unaltered, biologically functional states under near-physiological conditions [1] [2] [3] [4] [5] [6] . In native MS, non-covalent interactions are preserved, and tertiary and quaternary structures maintained [7, 8] . Recently, native MS has emerged as a powerful tool to provide information on topology, stoichiometry, function, dynamics, and composition of protein assemblies [8] [9] [10] . In more conventional top-down and intact MS characterization of proteins, non-covalent associations are lost as the protein is unfolded under denaturing conditions. Unfolding leads to an increased exposure of the protein to the aqueous buffer, thereby resulting in additional protonation. The resultant MS signal is then divided into a larger number of charge states in comparison to native MS conditions, resulting in complex spectra with poorly resolved ion species (especially those corresponding to molecular species with subtle structural differences), potential difficulties in data interpretation, and lower sensitivity (see Supplementary  Figure 1 ). Importantly, the lower charge states under native conditions lead to the increased m/z spacing (resolution) of ion clusters corresponding to different charge states, potentially resulting in acquisition of structurally more informative spectra in analysis of proteoforms and similar M r high molecular mass species. Additionally, experimental reproducibility is improved in native MS experiments in comparison with non-native approaches (i.e., middle-down, bottom-up, and top-down), as less sample handling and processing are required.
Subtle differences in protein structure and conformation may result in substantial differences in biological function of a protein or therapeutic properties of a biopharmaceutical. In biological systems, a protein encoded by a single gene may exist as a population of different proteoforms, e.g., charge isoforms, molecules with a variety of post-translational modifications (PTMs), sequence variants, products resulting from truncation of protein, or alternative mRNA splicing [11, 12] . Additionally, chemical modifications of proteins may occur at various stages of sample procurement, preparation, storage, and analysis. As a result, comprehensive characterization of a single isolated protein -let alone a complex mixture -is highly challenging, requiring separation prior to high-resolution high mass accuracy MS analysis. We and others have recently demonstrated the power of CZE-MS in high-resolution separations of pharmaceutical glycoproteins [13] [14] [15] . In our study, a sheathless cross-linked polyethyleneiminecoated capillary coupled to the Orbitrap Elite MS was used to separate proteoforms of recombinant human interferon-β1 (Avonex), resulting in the detection of 138 proteoforms and the separation of deamidated, sialylated, truncated species, and positional glycoform isomers [15] . Nanoflow (<1 μL/min) and, especially, ultra-low flow (≤25 nL/min) separation techniques coupled to nanoESI are highly desirable for native and top-down analyses of protein structures where an MS signal is divided into multiple channels corresponding to ion species of different charge states [16, 17] . In native MS, where physiological or near-physiological conditions are required, the task of separating non-denatured proteins and protein complexes at high resolution is further complicated. Conventional separation techniques compatible with native MS include size exclusion chromatography (SEC) [18] , ion exchange chromatography (IEX) [19] , hydrophobic interaction chromatography (HIC) [20] , affinity chromatography [21] , capillary isoelectric focusing (cIEF) [22, 23] , native geleluted liquid fraction entrapment electrophoresis (GELFrEE) [24, 25] , native polyacrylamide gel electrophoresis [26] , capillary zone electrophoresis (CZE) [27, 28] , and flow field-flow fractionation (F4) [29, 30] . However, for many of these methods, online interfacing to a mass spectrometer is challenging or yet impossible. SEC, which can allow separation under native conditions, provides insufficient resolution of species with subtle structural differences. cIEF may lead to unfolding of proteins and dissociation of protein complexes at their pIs and require the use of denaturing sheath flow buffers to maintain stable electrospray, which may limit native MS applications to relatively stable complexes. The native GELFrEE approach, although viable for the separation of native multimeric complexes and proteins in mixtures, has not yet been directly interfaced with MS or demonstrated the capability of high-resolution separations of charge-based proteoforms and species with very subtle structural differences [24, 25] .
In contrast to the above techniques, capillary zone electrophoresis (CZE) can achieve high-resolution separation under native state conditions. CZE separates molecular species according to differences in their electrophoretic mobilities, which are dependent on analyte charge and hydrodynamic volume. Furthermore, negligible sample and buffer quantities are required, and sample losses and carryover are minimal due to the open tubular capillary geometry [31] . Currently, there are several commercial solutions for interfacing CZE online to MS that can potentially be used for native MS [28, [32] [33] [34] [35] . The ability to separate non-covalent complexes from corresponding unbound complex-forming constituents can address a long-standing debate in the field of native ESI-MS on whether protein complexes and aggregates are formed in the gas phase during electrospray ionization, desolvation, and ion manipulation in the mass spectrometer, or the native MS data indeed closely represent the structures of non-covalent complexes existing in aqueous solutions of biological systems [9, 36] . Such separation supports the capability of native MS to infer the structures of non-covalent macromolecular complexes existing insolution from the results of gas-phase native ESI-MS measurements [37, 38] .
Historically, native MS has been largely limited to the domain of TOF mass analyzers due to the high upper m/z thresholds of detection of these instruments (up to 100,000 Th) [2] . However, native MS analyses with TOF analyzers suffer from the limited resolving power of these instruments. Recent studies have demonstrated that high resolution Orbitrap mass analyzers can be used for the characterization of native proteins and large protein complexes [2, 39, 40] . For example, a modified Exactive Plus Orbitrap instrument was applied to distinguish between ATP-and ADP-bound states of the 0.8 MDa E. coli chaperonin GroEL, a fourteen subunit complex [2] . It was further demonstrated that a modified Exactive Plus Orbitrap instrument could be used for native MS experiments of substrates with molecular weights approaching 10.0 MDa while still possessing sufficient resolution and sensitivity to detect small changes to the large molecular mass of the multisubunit protein complex or macromolecular assembly [2, 41] . Moreover, recent studies have shown that an Orbitrap-based instrument can efficiently perform ion isolation of the complex and fragmentation into individual monomeric subunits (MS 2 ) followed by subsequent isolation of subunit ions and fragmentation into backbone fragments (MS 3 ) [39, 40] .
Considering that a vast array of biological functions are conducted by protein assemblies rather than individual proteins, investigation of functional protein complexes, their composition, architecture, stoichiometry, and structural features is of great importance to understanding biological systems. The complexity of proteins and protein assemblies, as well as the heterogeneity of proteoforms in biomedical samples, necessitates both a highefficiency separation component and a sensitive mass spectrometer of a high resolving power and an appropriate m/z range. In the present work, we survey the potential of an online sheathless CZEOrbitrap MS platform to investigate model mixtures of intact proteins and protein complexes, heterogeneous biopharmaceutical proteins, and limited complexity proteomic samples. The approach is initially evaluated using model proteins with noncovalently associated multisubunit and small ligand entities, a biopharmaceutical monoclonal antibody, and then explores the E. coli ribosomal proteome. The platform facilitated the detection of numerous proteoforms and non-covalent complexes, with structures being confirmed by CZE-MS 2 experiments. Particular molecular species could not be detected under denaturing conditions or in native direct infusion experiments. CZE separation, followed by higher energy collision-induced dissociation (HCD) MS 2 resulted in the identification of 42 ribosomal protein groups, 144 proteoforms and 679 proteoform-spectrum matches (PfSMs) in a single analysis of the E. coli ribosomal proteome under native conditions. Characterization of the same sample by native CZE-MS 1 and denaturing CZE-MS 2 resulted in identification of 9 additional ribosomal protein groups, corresponding to a total of 51 identifications, which indicated the complementarity of the techniques. Importantly, native CZE-MS 2 resulted in a superior depth of proteomic profiling for the E. coli ribosomal proteome in comparison to denaturing CZE-MS 2 . While extraction of proteins from intact ribosomes involved a brief exposure to denaturing conditions prior to reconstitution into a buffer of a physiological pH, the resulting reconstituted protein extract was used as a model sample to assess the ability of native CZE-MS to survey complex biological samples that may contain non-covalent molecular assemblies that either survived the sample cleanup procedure or got re-associated and re-folded under native conditions. Several noncovalent associations of E. coli ribosomal proteins were elucidated using native CZE-MS analyses that could not otherwise be observed using conventional denaturing top-down or bottom-up approaches. Our work demonstrates the potential of CZE interfaced online with advanced mass spectrometry to enable native, high-resolution separations of proteins and protein complexes in their physiologically-relevant states and facilitate structurally-informative analyses via single stage and tandem MS under native non-denaturing conditions.
Experimental

Chemicals and Materials
All chemicals and materials used in this study were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless stated otherwise.
Preparation of the High-Purity Trastuzumab Standard
Trastuzumab (Herceptin, Genentech, South San Francisco, CA, USA), kindly provided by Alain Beck (Centre d'Immunologie Pierre Fabre, St Julien-en-Genevois Cedex, France ), was diluted in 25 mM ammonium acetate to a final concentration of 0.8 mg/mL and cleaned-up via Micro BioSpin size-exclusion columns with Bio-Gel P6 (SEC, Bio-Rad, Hercules, CA, USA).
Preparation of Mixtures of Proteins and Protein Complexes
All protein standards were purchased from Sigma-Aldrich in lyophilized form. The following proteins were used: enolase (P/N E6126; S. cerevisiae), carbonic anhydrase (P/N C3934; Bos taurus), alcohol dehydrogenase (P/N A8656; S. cerevisiae), protein disulfide isomerase (P/N P3818; Bos taurus), alpha crystallin (P/N C4163; Bos taurus), myoglobin (P/N M0630; E. caballus), cytochrome c (P/N C3131; Bos taurus), ribonuclease A (P/N R6513; Bos taurus), cytochrome c reductase type I (P/N C3381; S. scrofa), pyruvate kinase type III (P/N P9136; Oryctolagus caniculus), and fibrogen (P/N F8630; Bos taurus). All proteins were reconstituted in 25 mM ammonium acetate, pH 7.5, and mixed to the final concentrations specified below. Desalting was performed with Micro Bio-Spin 6 columns (Bio-Rad, Hercules, CA, USA). A mixture of three proteins was prepared from enolase (9.18 μM), carbonic anhydrase (4.00 μM), and alcohol dehydrogenase (23.5 μM). A mixture of 11 proteins and protein complexes consisted of enolase (9.18 μM), carbonic anhydrase (4 μM), alcohol dehydrogenase (23.5 μM), pyruvate kinase type III (15.0 μM), alpha crystallin (21.6 μM), myoglobin (7.17 μM), cytochrome c (10.4 μM), ribonuclease A (17.8 μM), cytochrome c reductase type I (10.2 μM), protein disulfide isomerase (15.0 μM), and fibrogen (17.4 μM).
Preparation of the Ribosomal Protein Extract
The E. coli ribosomal protein extract was prepared as described [42, 43] . In brief, to remove RNA, 33 μL of cold, glacial acetic acid, and 0.25 volumes (8.25 μL) of 100 mM magnesium chloride was added to 1 mg of the intact E. coli ribosomal isolate (13.3 μM; P0763S, New England Biolabs, Ipswich, MA, USA. Next, the sample was spun-down at 10,000 RPM for 5 min; the resultant supernatant was collected and cleanedup two times into 25 mM ammonium acetate, pH 7.5, using Micro Bio-Spin 6 SEC columns, according to manufacturer's protocol (Bio-Rad). The pH of the mixture was closely monitored throughout the prep and brought close to neutral pH.
Capillary Zone Electrophoresis Instrumentation and Methods
All capillary electrophoresis equipment, including bare fused silica (BFS) and neutral polyacrylamide-coated capillaries with hydrofluoric acid-etched emitters for sheathless nanoESI (aka CESI), were provided by SCIEX Separations (Brea, CA, USA). A commercial CESI 8000 instrument was interfaced with either Exactive Plus extended mass range (EMR) or Q Exactive Plus mass spectrometers (Thermo Fisher Scientific) in all CZE-MS experiments. Both the BFS and polyacrylamidecoated capillaries were 30 μm inner diameter and 90 cm long, and contained an integrated sheathless etched porous nanospray tip.
For the analysis of the mixture of three standard proteins and complexes on the sheathless BFS-Exactive Plus EMR mass spectrometer,the capillarywasfirstrinsedwith0.1Msodium hydroxide (100 psi, 5 min), followed by 0.1 M hydrochloric acid (5 min), and nanopure water (5 min). Next, the separation capillary was conditioned with the BGE (25 mM ammonium acetate, pH 7.5) at 100 psi for 10 min. The conductive line capillary contained 3% acetic acid solution at 75 psi flow. Sample injection was performed at 2.5 psi for 15 s, corresponding to approximately 6 nL of sample (0.8% of the capillary volume). Separations were conducted for 60 min with a 20 kV potential applied across the capillary with a ramp time of 1 min. At the end of the run, a ramp-down from 20 to 1 kV over 5 min was performed back to the start conditions for the next injections.
For the analysis of samples on the sheathless polyacrylamidecoated capillary, the column was first rinsed at 100 psi with 0.1 M hydrochloric acid (5 min), DDI water (5 min), followed by the BGE (40 mM ammonium acetate, pH 7.5) for 10 min; and the conductive line capillary was rinsed with a 3% acetic acid at 75 psi for 4 min. Injection was performed at 2.5 psi for 15 s, corresponding to approximately 6 nL of sample (0.8% of the capillary volume). Separations were performed for 60 min at 20 kV with a ramp time of 1 min. Owing to the significant suppression of EOF on polyacrylamide-coated capillaries, supplemental pressure was applied to generate flow of solvent and facilitate the migration of analytes towards the MS detector. For the analysis of the mixture of 11 proteins, 3 psi was used. For the ribosomal protein extract, separations were performed also at 3 psi supplemental pressure in CZE-MS 1 experiments or with 1 psi supplemental pressure applied for the first 15 min of the separation, followed by a supplemental pressure of 3 psi for the remainder of the run (in CZE-MS 2 experiments). A ramp-down from 20 kV to 1 kV over a 5 min period was run after the conclusion of the separation.
Mass Spectrometry
All CZE-MS experiments performed on the Exactive Plus EMR (Thermo Fisher Scientific) used the following settings: a 1.5 kV spray potential, resolution of 35,000 at 200 Th, automatic gain control (AGC) of 3e6, and maximum injection time of 250 ms. In-source collision-induced dissociation (100 V × charge) was applied to provide sufficient desolvation without dissociation of non-covalently-bound subunits or fragmentation of covalent bonds. The instrument was operated in extended mass range mode (EMR). For AIF, fragmentation was performed with 150 V × charge in the HCD cell.
For the native CZE-MS 1 analysis of the E. coli (strain B/ BL21-DE3; UniProt) ribosomal protein extract, the Q Exactive Plus (Thermo Fisher Scientific) was operated with 1. ). For native MS infusion experiments of Trastuzumab, the polyacrylamide-coated capillary and a CESI 8000 instrument were used as an infusion platform into the Q Exative Plus MS. Infusion was achieved by filling the capillary with Trastuzumab (2 mg/mL, 20 mM ammonium acetate, pH 8.0) via an injection of 100 psi for 1 min. Next, the separation capillary was inserted into the buffer vial at the anodic end containing 20 mM ammonium acetate, pH 8.0. A l supplemental pressure of 2.5 psi and, if needed, a 20 kV potential were applied to facilitate flow of liquid towards the MS inlet (cathodic end). These conditions were identical to parameters in CZE-MS experiments for this sample. A 1.5 kV voltage was applied to facilitate stable nESI. The inlet capillary temperature of the MS was 350°C and the rest of the MS parameters were set as defined above.
Data Analysis
Analysis of native CZE-MS 1 runs from all system/instruments was performed using both XCalibur and Protein Deconvolution 4.0 (Thermo Fisher Scientific). Deconvolution was performed using the Sliding Window approach with either ReSpect for isotopically unresolved data, or Xtract for high resolution CZE-MS 1 runs where isotopic resolution was achieved. Analysis of all-ion fragmentation (AIF) MS data acquired on an Exactive Plus EMR was performed using Byonic software (ver. 2.5.6, Protein Metrics, San Carlos, CA, USA) or manually, using fragment masses predicted by the Protein Prospector software (UCSF). It should be noted that for the analysis of AIF data acquired on an Exactive Plus EMR, which lacks a quadrupole and therefore the precursor ion selection capability for MS 2 , spectra in the regions of the CZE-MS 1 run corresponding to migration times of separated or partially-separated proteins or protein complexes were averaged and analyzed individually. However, since baseline separation was not achieved for all mixture constituents, AIFgenerated fragments from co-migrating species were often detected within the same AIF spectrum. For all CZE-MS 2 experiments, Byonic (ver. 2.5.6, Protein Metrics, San Carlos, CA, USA) was employed for data interpretation. Byonic searches were performed with fully specific digestion specificity and a maximum of two missed cleavages, as well as a maximum of one rare and one common modification for each proteoform-spectrum match (PfSM). Also, a 20 ppm fragment mass tolerance and a 10 ppm precursor mass tolerance were used in all Byonic searches. Common and expected modifications for the model protein mixtures and ribosomal extract were manually inputted into Byonic and used as dynamic modifications. Dynamic modifications included oxidation (methionine), deamidation (asparagine), phosphorylation (histidine, lysine, arginine, serine, threonine, and tyrosine), acetylation (N-terminal and lysine), N-terminal methionine loss, coordination of magnesium (2+) and zinc (2+) ions (C-terminal, aspartate, and glutamate), methylation (lysine and arginine), dimethylation (lysine), and N-terminal pyroglutamation (glutamate and glutamine). For analysis of ribosomal proteins and mixtures of protein standards, a database containing 208 protein sequences that combined the results of bottom-up proteomic profiling of the E. coli ribosomal isolate that included sequences of identified ribosomal proteins (UniProt, E. coli strain B/BL21-DE3), ribosome-associated proteins, and sequences of common contaminants was used.
Bottom-Up NanoLC-MS-Based Proteomic Analysis
NanoLC-MS proteomic profiling was performed in a similar fashion to that described in [44] . A fused silica capillary (75 μm internal diameter, 20 cm long) (Polymicro Technologies, Phoenix, AZ, USA ) was packed with Magic C18AQ, 3 μm diameter, 200 Å pore size beads from Michrom Bioresources (Auburn, CA, USA). Liquid chromatography (LC) separation was performed on an Ultimate 3500 system from Thermo Fisher Scientific, and mass spectrometry data was acquired on an LTQ Orbitrap XL ETD (Tune Plus ver. 2.5.5) from Thermo Fisher Scientific. The sample was electrosprayed using a distal-coated, 20 μm internal diameter, 360 μm outer diameter tip with a 10 μm opening from New Objective (Woburn, MA, USA) connected directly to the column head using a Teflon sleeve.
Reversed-phase liquid chromatography was carried out using mobile phase A: 0.1% formic acid in water, and mobile phase B: 0.1% formic acid in acetonitrile. Approximately 100 fmol of each trypsin digested protein was injected directly onto the analytical column with 2% B at 250 nL/min. The sample was loaded and desalted over 10 min in 2% B and separated at 250 nL/min flow rate using the following linear gradient: 2-37% B over 60 min, 37%-95% B over 10 min, 95% B hold for 9 min, 95% to 2% B in 1 min, 2% B hold for 10 min. Data were acquired on an LTQ Orbitrap XL mass spectrometer using parameters for conventional Top 10 analysis enabled through Xcalibur (ver. 2.0.7). Full precursor scans were acquired over a 400-700 Th range in the Orbitrap at 60 k resolution (at 400 Th), with the AGC target set to 1e6 and 500 ms maximum ion accumulation time. The 10 highest intensity eligible precursors (Top 10) were sequentially selected in 2 Th wide isolation windows centered on the monoisotopic peak and activated for maximum 30 ms by CID at 35% normalized energy. In fragment ion accumulation, the AGC target was set to 200,000, the maximum injection time was 100 ms, and the ion trap was scanned at 0.5 Da resolution using dynamic exclusion of 60 s.
Ions with a +1 charge state and lower than 500 intensity units were considered chemical noise.
The acquired data were analyzed in Proteome Discoverer 1.4 (Thermo Fisher Scientific) with Sequest HT peptide spectral match scoring and Percolator validation and filtering (q < 0.01) [45] . The search was conducted against a concatinated bovine, E. coli, equine, human, porcine, rabbit, and S. cerevisiae (ATCC) UniProt databases containing canonical proteins and known variants from March 2015 appended with 47 common contaminants. The maximum precursor mass error was set to 20 ppm and the maximum fragment mass error was set to 0.6 Da. Carbamidomethylation of cysteine was set as a static modification, and oxidation of methionine, N-terminal acetylation, and deamidation of glutamine and asparagine were set as dynamic modifications. Up to two missed tryptic cleavages were allowed. Amino acid sequences of all proteins identified in bottom-up experiments were consolidated into a single database, which was used for the identification of species in the intact CZE-MS 1 and top-down CZE-MS 2 approaches.
Results and Discussion
Analytical Workflow
In this study, we demonstrate the power of CZE as an online high resolution separation technique compatible with native state MS analysis using: (1) mixtures of complex-forming protein standards, (2) a monoclonal antibody (Trastuzumab), and (3) an extract of the E. coli ribosomal proteome. Both bare fused silica (BFS) and polyacrylamide-coated capillaries were used for CZE separations under native conditions interfaced online via a SCIEX sheathless porous interface (CESI) for high sensitivity [28] . The CESI interface enabled the online integration of high resolution CZE separations with MS conducted at ultra-low flow rates (measured at 10-20 nL/min) and without analyte dilution prior to ionization [33, 46] . The flow rates used in our CZE-MS experiments are substantially lower than those typically utilized in more conventional sheath-liquid CZE platforms [28] . Ultra-low flow rate separations coupled to nanoESI-MS result in improved ionization efficiency, enhanced ion transfer into the mass spectrometer, and decreased ion suppression, collectively leading to the enhanced MS detection sensitivity [16, 17, 47] . We found that the acidic buffer used in the conductive line of the interface (3% acetic acid) did not significantly alter the pH of the electrosprayed BGE (e.g., 20-40 mM ammonium acetate, pH 7.5-8.5), which was important for maintaining native conformations of analytes. This is attributed largely to the design of the sheathless porous CESI interface (SCIEX), which allows for the limited passage of only small ions (i.e., not liquid) from the conductive line into the separation capillary at the CZE/ESI-MS porous junction without analyte dilution [28, 33, 46] . While the limited transport of hydroxonium ions from the conductive line into the separation capillary at the porous junction allowed for closing the CZE and ESI electric circuits and ionizing analyte molecules as well as for the improved sensitivity, stability, and performance of CZE-ESI MS, the pH of the resultant solution measured at the outlet of the capillary emitter was found within the native range (pH 6.5-7.5). Additionally, the porous junction is approximately 2 cm in length at the outlet of the separation capillary, which makes the exposure of the analyte molecules to this minor change of the pH very short (seconds). Nearly identical results were found when 10% acetic acid was used in the conductive line. Identification of proteins and protein complexes under native conditions involved high mass accuracy single stage intact MS (CZE-MS 1 ), followed by either all-ion fragmentation (AIF) on an Exactive Plus EMR or data-dependent high energy collision dissociation (DDA-HCD) CZE-MS 2 on a Q Exactive Plus. Peptide maps of all proteins were obtained via conventional bottom-up nanoLC-MS.
Native CZE-MS of Mixtures of Complex-Forming Proteins
A mixture of three protein standards known to form noncovalent multi-subunit homomeric complexes and complexes with coordinated metal-ion ligands [alcohol dehydrogenase (S. cerevisiae), enolase (S. cerevisiae), and carbonic anhydrase (Bos taurus)] was analyzed using a BFS capillary coupled to an Exactive Plus EMR MS ( Figure 1 ). This experiment was performed as a proof-of-principle for online native CZE-MS using a relatively simple mixture of three proteins and associated complexes. According to the product specifications, alcohol dehydrogenase 1 (ADH1) was expected to be observed as a homotetramer with the molecular mass of 141-151 kDa; enolase (ENO1) as a homodimer of 93 kDa with bound Mg 2+ ions, and carbonic anhydrase 2 (CA2) as a 29 kDa complex with coordinated Zn 2+ ions. Bottom-up proteomic analysis of the tryptic digested proteins revealed the presence of contaminants and isozymes, such as ENO1 and ENO2, as well as protein fragments, corresponding to truncated protein standards. Based on the results of bottom-up analysis and observed ion species in native CZE-MS experiments, theoretical molecular masses were calculated for monomers and complexes (see Supplementary Tables 1 and 2 ). CZE-MS 1 was first conducted under native conditions using 25 mM ammonium acetate, pH 7.5, as the BGE, and the MS resolving power was set to 35,000 at 200 Th. Together, these CZE and MS conditions resulted in the separation and detection of the major components of the mixture between 12 and 32 min, including ENO1 homodimer and ADH1 tetramers (Figure 1a, b) . ESI mass spectra of ENO1 monomer and homodimer, ENO2, CA2, and ADH1 tetramers are shown in Figure 1c . On the basis of accurate deconvoluted masses, the major mixture components, in addition to the most abundant proteoforms, were identified, as detailed next and in Supplementary Table 1. CZE separation allowed structural analyses that could not be easily achieved using direct infusion. Partial separation was obtained between the ENO1 monomer (46,669.2 Da) and homodimer (93,509.9 Da), which were present at similar CZE-MS 1 signal intensities ( Figure 1a , c and Supplementary  Figure 1 ). The separation yielded sufficient peak resolution between ENO1 monomer and dimer to enable accurate quantitative analysis and MS deconvolution (Figure 2 ). The latter is important for correct assignments of proteoforms and noncovalent binding (e.g.. metal ions and multiple subunits) features that often cannot be analyzed by direct infusion. Both monomer and homodimer of ENO1 were also separated from ENO2 (46,781.5 Da), which has~95% sequence homology with ENO1 and migrated as a broader peak (Figure 2a and Supplementary Table 1) . Considering the high sequence homology of these isozymes, the peak width may correlate with the conformational stability of a protein under the employed separation conditions or the complexity of the mixture of proteoforms. The corresponding ENO2 homodimeric complex was not observed.
For ADH1, monomer (36,746.2 Da) (8%) and homotetramer (147,500.3 Da) (92%) peaks were detected with slight shifts in migration times of peak maxima (Figure 3a) . Based on these observations, information about the stability of complexes in biological samples and shifts in dissociation/ association rates can be potentially generated based on CZE-MS 1 quantitative characteristics of protein assemblies and corresponding monomeric subunits. In addition, another species of the ADH1 standard was also detected, likely corresponding to the homotetramer of truncated ADH1 (122,421.4 Da, experimental MW) (Figure 1a, c and Supplementary Table 1) . Similarly, the combination of CZE separation and high mass accuracy MS detection under native conditions followed by MS deconvolution led to identification of CA2 (P00921, theoretical MW: 28,982.6 Da). Numerous contaminants, including intact and lower molecular mass truncated protein species were also detected in the mixture by both CZE-MS 1 primarily within the 800-2500 Th range (Figure 1b ) and bottom-up nLC-MS analysis (see Supplementary Table 2) .
Following the CZE-MS 1 experiments, all-ion fragmentation (AIF) scans of all detected precursors were conducted in the HCD cell of the Exactive Plus EMR. The AIF fragmentation resulted in the generation of HCD-characteristic b-and y-ions that validated the major components of the mixture identified by CZE-MS 1 . In spite of the sample complexity, separation, combined with accurate intact mass measurements and AIF, allowed the characterization of proteoforms and protein complexes of the mixture. The majority of observed molecular masses of proteins and protein complexes in this mixture (see below) were mapped to theoretically expected masses, based on protein sequences reported in UniProt within a 30 ppm mass deviation (see Supplementary Table 1) . In a few cases, the mass deviation was slightly higher, which we attribute to incomplete desolvation or non-specific binding of adducts.
Using the ReSpect and Sliding Window algorithms of the Protein Deconvolution 4.0 software suite, identities of proteoforms of the ENO1 monomer and homodimer were determined (Figure 3b, c) . Fragment ion m/z values were mapped using a tolerance of 20 ppm (FDR < 1%). In Figure 3b , the major form of ENO1 is seen to be a previously reported proteoform with a N-terminal Met-loss and a likely Ile → Val substitution at position 242 of the canonical protein sequence (P00924) [48, 49] . However, confirmation of the exact location of this substitution was not possible via AIF-MS. It should be noted that the observed variants of ENO1 are consistent with a previously reported primary structure and known modifications [48, 49] . Minor ion species (below 5%) likely corresponded to other reported ENO1-associated structural features, such as phosphorylation, oxidation, and magnesium ion coordination [50] (Supplementary Table 1 ). Figure 1 . Native CZE-MS analysis of a mixture of three protein complex-forming standards. Monomers of ENO1 and ENO2, CA2, and ADH1 were detected and separated, as well as multimeric complexes for ENO1 (homodimer) and ADH1 (homotetramer and truncated homotetramer). For the separation performed on the sheathless BFS-Exactive Plus EMR system, extracted ion electropherograms (XIEs) for the most abundant ions of each protein/protein complex are shown (a). The separation and pattern and relative intensities can be observed on the ion density map (b). Examples of integrated MS spectra are shown for several major mixture components: ENO1 and ENO2, as well as truncated ADH1 and unmodified ADH1 tetramers (c) Additionally, products of incomplete ion desolvation and insource decay were observed (Figure 2b ). For the ENO1 homodimer, in addition to Met 1 -truncation and the Ile 242 →Val substitution, coordination of two magnesium ions per subunit was observed (Figure 2c ), in agreement with the literature [51] . Confirmation of the identity of the Met-removed, Ile 242 → Val variant as the most abundant ENO1 proteoform was achieved via mapping of the m/z values of fragment ions to the sequence with the above substitution and a fragment mass tolerance of 20 ppm (Figure 2d, Supplementary Figure 2) . However, localization of the exact substitution site was not achieved. Similar to previously-reported findings for other proteins studied under native conditions, as shown in Figure 2e , mapping of the most abundant b-and y-fragment ions onto the ENO1 secondary structure revealed by X-ray crystallography [52] , expectedly demonstrated that the majority of identified fragments corresponded to N-and C-termini and turn loop regions, which are typically exposed to the surrounding aqueous environment and tend to contain polar and charged amino acid residues. Supplementary Figure 2 shows the CZE-AIF-MS spectrum for ENO1 homodimer. As expected, the AIF fragmentation patterns for ENO1 homodimer and monomer were very similar, likely because the majority of fragment ions originated from the monomer that was released from the homodimer in the process of HCD activation.
The combination of native CZE separation with MS 1 and AIF was also important for the characterization of ADH1 (Figure 1 ). Deconvolution of the ADH1 peak resulted in the detection of the ADH1 monomer with a MW of 36,745.3 Da, which corresponds to the N-terminal methionine truncated form, and the more prevalent homotetramer (12-fold higher) with a MW of 147,500.3 Da, which corresponds to the Nterminal methionine loss on each subunit and a total of eight coordinated Zn 2+ ions (two Zn 2+ ions per subunit are required for appropriate folding and functional activity of ADH1) (Figure 3a ) [53] . Additionally, a likely truncated form of the ADH1 tetramer (122,421.4 Da) was observed in the mixture, as well as the ADH1 standard. The experimental mass of the monomer closely matched a previously reported ADH1 variant (P00330) with Met 1 -truncation and acetylation at the Nterminal Ser residue, along with a single substitution of Ile with Val at position 152 or 338 [53, 54] . This match resulted in a mass difference of 9 ppm between the experimentally determined and calculated average mass values (Supplementary Table 1 ). Similar to enolase, AIF of ADH1 led to the validation of the major forms of ADH1 determined from intact mass measurements (Figure 3b and Supplementary Figure 3A) .
A previous study of ADH1 tetramers by direct infusion native MS on a Fourier transform ion cyclotron resonance (FTICR)-MS with electron capture dissociation (ECD) reported on the fragmentation of residues exclusively at the Nterminus of the protein [10] . The authors correlated this fragmentation pattern with the X-ray crystal structure of the ADH tetramer that showed that the N terminus of the protein is exposed and available for fragmentation, while the C terminus is hidden and involved in the interface of the subunits.
Fragmentation coverage was also limited as a result of the formation of charge-reduced ADH1 tetramer species by ECD, resulting in no dissociation of ADH1 subunits from the tetrameric complex [10] . In our study, in addition to N-terminal fragments we also observed C-terminal fragment ions (Supplementary Figure 3A) . A different mechanism of fragmentation (HCD AIF accompanied with in-source CID) was used in our experiments, in addition to a different mass analyzer type (Orbitrap) and MS instrument, which could be responsible for these differences in fragmentation patterns. Also, in our study, the combination of in-source CID used for desolvation and AIF possibly promoted partial dissociation of ADH1 tetramers into monomers, which made both protein termini accessible for fragmentation. In a different study, a variety of fragmentation techniques, including collisionally activated dissociation (CAD), infrared multiphoton dissociation (IRMPD), in-source dissociation, and ECD were used for the top-down characterization of native ADH using an FTICR-MS instrument [55] . CAD and, especially IRMPD, resulted in the significant generation of sequence-informative N-and C-terminal fragment ions. These results, and particularly CAD results, are similar to those obtained in our experiments using HCD AIF accompanied with insource CID. However, expectedly, sequence coverage was considerably more comprehensive using CAD and IRMPD in [55] than our approach, involving HCD AIF. In our study, similar to the previous reports [10, 55] , the sequence origin of the detected fragment ions can be correlated to the outer surface regions of the complex and protein termini.
The characterization of proteoforms and complexes of CA2 (P00921, theoretical MW: 28,982.6 Da) was achieved; deconvolution revealed three major proteoforms of CA2 (Figure 3c ). The most abundant species (experimental MW: 29,086.8 Da) closely matched the proteoform with a loss of the N-terminal methionine, N-terminal acetylation, and a coordinated Zn 2+ ion (calculated MW: 29,089.7 Da). Both Met 1 -truncation and coordination of Zn 2+ -ions by three histidyl residues of CA2 were previously reported [56] . The second most abundant form was tentatively identified to contain Nterminal Met-loss, N-terminal acetylation, and phosphorylation (experimental MW: 29,107.7 Da) (Supplementary Table 1 ). The third detected form of CA2 was determined to possess N-terminal Met-loss and acetylation (experimental MW: 29,024.2 Da), with an abundance of less than 4% relative to the Zn 2+ -coordinated species (Figure 3c , Supplementary Table 1) . From CZE-MS utilizing AIF, proteoforms of CA2 were fragmented into corresponding b-and y-ions (Figure 3d) . Analysis of fragment ion spectra resulted in the confirmation of the identity of the most abundant proteoform (Supplementary Figure 3B) . Coordination of one Zn 2+ ion by monomeric CA2 under native conditions and the primary structure of the most abundant form of CA2 -confirmed by the AIF MS -fragmentation pattern are also in good agreement with the crystal structure of this protein and previous reports [56] .
Following the characterization of a simple mixture of three proteins, a more complex mixture of 11 protein standards known to form non-covalent multisubunit protein complexes and Figure 2 . Native CZE-MS characterization of enolase 1. Averaged spectra across the entire migration time range corresponding to ENO1 electrophoretic peak resulted in the detection of both ENO1 monomer and homodimer (a). Deconvolution of the CZE-MS signal acquired during of the migration of the electrophoretic peak corresponding to ENO1 monomer resulted in the identification of major proteoforms of ENO1 (b). Deconvolution of the CZE-MS signal acquired during the migration time range corresponding mostly to ENO1 homodimer resulted in the identification of proteoforms of the dimer (c). Averaged AIF spectra of the entire migration time range corresponding to the ENO1 electrophoretic peak resulted in the generation of b-and y-ions characteristic to ENO1 (d). Fragmentation loci were mapped as blue (b-ions) and red (y-ions) vertical marks and shaded boxes on the secondary structure of ENO1, revealing that for the native globular protein ENO1, HCD fragmentation occurred predominantly on the N-and C-termini and turn loop regions (not colored on the lower bar representing the secondary structure of ENO1 (UniProt) (e) complexes with coordinated metal ions was evaluated using the sheathless CZE-MS system. However, first, the components were analyzed separately using a conventional bottom-up nanoLC-MS 2 approach (FDR < 1%). The sample heterogeneity extended well beyond the 11 commercial standards used to prepare the mixture, considering the number of contaminant proteins detected in the bottom-up approach (Supplementary Table 2 ). Sequences of these proteins were assembled into a protein database to facilitate identification of proteins and protein complexes (including identification of predominant proteoforms and sequence variants) in subsequent native CZE-MS 1 experiments. The BFS capillary demonstrated high separation performance in the analysis of the three protein mixture under native conditions because the choice of ammonium acetate, pH 7.0-8.5, as the BGE Figure 3 . Native CZE-MS analysis of alcohol dehydrogenase 1 and carbonic anhydrase 2. Deconvolution of the CZE-MS 1 data in the electrophoregram region corresponding to ADH1 (17.5-22 min) resulted in the detection of peaks corresponding to monomer, tetramer, and truncated tetramer forms of ADH1 (a). MS fragmentation using HCD-AIF with a collision energy of 150 eV resulted in the fragmentation of ADH1 species, producing sequence-characteristic b-and y-ion fragments (b). Deconvolution of the electrophoretic peak corresponding to the CA2 (15.5-16.0 min) resulted in the identification of major proteoforms of CA2 (c). Fragmentation of the CA2 peak was achieved via HCD-AIF with collision energy of 150 eV, resulting in the generation of sequence-characteristic band y-ions (d).
effectively suppressed adsorption of these specific proteins on the capillary surface. However, in CZE separations of intact proteins and protein complexes, the performance of BFS capillaries is often suboptimal due to the large number of surface charges -both on the protein and on the inner capillary surface -thereby leading to non-specific adsorption to the capillary wall and hence, potentially resulting in peak tailing, lower separation efficiency, and carryover issues [28, [57] [58] [59] . Thus, the separation performance of the BFS capillary was found to be inadequate for the mixture of 11 proteins and associated complexes as well as for higher complexity samples and high molecular mass proteins (e.g., mAbs). Presumably, ionic strength and salt concentration of the ammonium acetate BGE used in these experiments was insufficient for effectively preventing adsorption for a number of proteins of the mixture. Therefore, a recently-commercialized capillary with an uncharged polyacrylamide coating preventing protein adsorption [28] was used for analysis of a higher complexity samples.
The components of the mixture of 11 proteins and associated complexes migrated between 15 and 35 minutes and, as expected, many of them were detected in native CZE-MS but not in direct infusion analyses (Figure 4, Supplementary Figure 4) . Successful characterization of the mixture of 11 proteins and other higher complexity samples via direct infusion native MS was precluded by considerable overlapping of m/z of different proteins, resulting in difficult to interpret, less informative spectra. Moreover, in direct infusion native MS mode, difference in abundances and ionization efficiencies between individual analytes resulted in considerable signal suppression of lower abundance and lower ionization efficiency species.
Accurate mass measurements from the native CZE-MS 1 run were used for the identification of major forms of individual proteins. A higher molarity BGE (40 mM, relative to the 25 mM ammonium acetate we used previously), was utilized in these experiments to improve the separation and more-closely mimic physiological conditions, thereby improving the stability of noncovalent protein complexes in the mixture during the analysis. It should be noted that the molarity of the ammonium acetate BGE used in this study was limited by the performance and the long-term stability of the porous sheathless emitter. The 40 mM ammonium acetate BGE did not result in any changes in spray stability and the lifetime of the emitter. Separation efficiency exceeding 150,000 theoretical plates per meter were readily observed for selected components of the mixture using the employed native conditions.
Detection of large, multimeric protein complexes, such as ADH1 (~148 kDa) and pyruvate kinase (PK) (~231 kDa), was enabled by the Exactive Plus EMR. The enhanced gas flow into the HCD cell of the instrument allowed for collisional cooling and trapping of large proteins and complexes. The combination of advanced CZE-and MS-based technologies enabled the separation of individual proteins and detection of corresponding complexes (Figure 4b and Supplementary Figure 4) . Baseline CZE separation was achieved between isozymes of enolase -ENO1 and ENO2; however, ENO1 monomer and homodimer were not fully resolved. Similarly, ADH1 monomer, homodimer and homotetramer were not well-resolved electrophoretically, although the corresponding peaks were of different shapes and demonstrated noticeable offsets in migration times, which in combination with MS detection made the corresponding CZE-MS 1 migration patterns easy to distinguish. Also, the ADH1 monomer peak was considerably sharper relative to the experiments conducted on the BFS capillary. The peak intensity for the tetramer was approximately 90 and 80 fold higher than for the monomer and the dimer, respectively, which reflects the abundance ratios of these forms in solution. Examination of the extracted ion electropherograms corresponding to the most abundant charge states of these forms indicates small levels of in-source dissociation of the ADH1 complexes (the tetramer into the dimer and both the tetramer and the dimer into the monomer). Monomer (~58.0 kDa), homodimer (~116 kDa) and homotetramer (~232 kDa) PK species were detected as peaks of distinct shapes and with visible offsets in migration time of their peak maxima. In the case of the PK species, the monomeric species showed signal intensity approximately 2-to3-fold higher relativeto thedimer andtetramer peaks. Low levels of in-source dissociation of the multisubunit PK complex were also evident from the comparative examination of the extracted ion electropherograms for all three detected PK species. Other detected multisubunit complexes included RN-ASE1 dimer, alpha-crystallin (CRYAA) dimer, and fibrinogen-γ (FBR-γ) dimer. Baseline resolution was achieved between unmodified and deamidated myoglobin (MYO), as well as Met 1 -removed and the deamidated form of Met 1 -removed MYO. Similarly, deamidated RNASE1 was separated from the unmodified proteoform ( Figure 4, Supplementary Figure 4) .The CZE separation allowed us to distinguish and reliably identify these nearisobaric species with a mass difference of close to 1 Da, and showed the potential for relative quantitation of such proteoforms and complexes, which would be considerably more challenging in direct infusion experiments.
Native CZE-MS of a Monoclonal Antibody (mAb)
A recombinant, humanized monoclonal anti-Her2 IgG1 antibody, Trastuzumab, was examined under native conditions as a means to assess the heterogeneity of a biopharmaceutical protein and determine the potential presence of aggregates. To our knowledge, this experiment represents the first attempt of the characterization of an intact mAb using online native CZE-MS. A neutral polyacrylamide-coated capillary was coupled to the Exactive EMR Plus mass spectrometer and used for this experiment. Figure 5a shows the separation of the antibody sample components in a BGE of 20 mM ammonium acetate pH 8.0. The total ion electropherogram is shown in the top panel, followed by extracted ion electropherograms of major identified species. Predominant forms of the intact mAb, corresponding to 2X-glycosylated, 1X-glycosylated (hemi-glycosylated), and dimeric structures comigrated at 24.4 min. Molecular species of approximately 101 kDa, presumably corresponding to the mAb with a loss of two light chains, were detected at 26.62 min and separated from the major forms of Trastuzumab. The corresponding dissociated light chains were detected as monomeric forms at 24.41 min and as dimeric forms at 22.83 min (Figure 5a ). This supports previously reported observations that in some mAbs, individual chains are held together by non-covalent interactions instead of disulfide bonds [60, 61] . As a result, these chains may dissociate, especially if exposed to conditions other than the formulation buffer. Since these structures were separated by CZE, the dissociation of chains did not occur inside the mass spectrometer.
The spectrum integrated across the main electrophoretic peak (24.38 min) revealed the presence of the monomer and a trace (<1%) of a dimeric species (Figure 5b, c) . As stated above, the mAb depleted of two light chains was also detected. As an illustration of this component, a zoomed-in view of the 19+ charge state of these forms is shown Figure 5d . A zoomedin spectrum of the 24+ charge state of the main forms is shown in Figure 5e , revealing 1X-and 2X-glycosylated structures of the intact mAb. For the 2X-glycosylated forms, deconvolution of the MS signal from the entire electrophoretic migration window of the mAb sample constituents resulted in the identification of several biantennary glycoforms (Figure 5f ). In addition, several dimers (assumed to be non-covalently associated) were also observed (Figure 5g ). It is important to note that dimers of Trastuzumab could not be observed in denaturing CZE-MS (or LC-MS) experiments conducted by us and others [62] .
The most prominent charge states, 24+ and 36+, were observed for the monomer and the dimeric (aggregated) mAb (Figure 5b, c) . Deconvolution of native CZE-MS 1 of Trastuzumab was performed using ReSpect with the Sliding Window algorithm. Depending on the target mass range (e.g., 100-300 kDa, 140-150 kDa, 280-300 kDa) and m/z range (e.g., 5000-9000 Th, 7500-9000 Th, 5000-6500 Th), the intensities of the resultant peaks corresponding to Trastuzumab dimers were~140-250-fold lower than the intensity of the predominant peak corresponding to the monomer. Relative quantitation of the monomer and the aggregate can therefore be achieved using the native CZE-MS approach.
The average experimental molecular mass of the predominant form of the antibody is 148,073.36 Da (Figure 5f ), which is a close match (15.81 Da greater) to the theoretical molecular mass of 148,057.55 Da calculated from the sequence reported in reference [63] with two G0F moieties and 16 disulfide bonds t h a t c o r r e s p o n d s t o t h e m o l e c u l a r f o r m u l a C 6560 H 10132 N 1728 O 2090 S 44 . The difference between the theoretical and experimental molecular masses of the dimer was 34.48 Da, possibly due to strong coordination of one water molecule or replacement of a proton with an ammonium ion per monomer. It is worth noting that DrugBank (www. drugbank.ca/drugs/DB00072) has a different sequence for the heavy chain (HC) of the innovator version of Trastuzumab (Genentech), including DELTK for residues 360-364 of the HC instead of the EEMTK, and an extra P in the sequence with VEPPK instead of VEPK at residues 218-222 of the HC, as also reported by others [63, 64] . Additionally, the absence of the C-terminal K is yet another difference between the DrugBank sequence and the one reported in [63] , which also agrees with our experimental findings.
From deconvolution of the MS 1 spectrum corresponding to the monomer, several combinations of biantennary glycans in the F C region of the monomer were detected under native CZE-MS experiments (Figure 5g ). These structures represent glycosylation at both F C /2 domains corresponding to the expected G0/G0F, G0F/G0F, G0F/G1F, G1F/G1F, G1F/G2, G1F/G2F, and G2F/G2F forms. The presence of asymmetric glycosylation, characterized by different glycan compositions for both F C /2 domains in monoclonal antibodies, has also been reported previously for mAbs, including Trastuzumab [62, 65] . Deconvolution of the MS 1 spectra of dimeric Trastuzumab, presented in Figure 5g , shows the composition of dimeric proteoforms. In addition to homodimers, characterized by symmetric Trastuzumab monomers (2X G0F/G0F, 2X G0F/G1F, 2X G1F/G1F, 2X G1F/G2F), heterodimers characterized by asymmetric monomers (G0F/G0F + G0F/G1F, G0F/G1F + G1F/G1F, G1F/G1F + G1F/G2F, G1F/G2F + G2F/G2F) were also detected (Figure 5g) . Interestingly, dimers were determined to be combinations of 2X-glycosylated Trastuzumab forms, with no dimeric species containing partially deglycosylated subunits (i.e., 1X-glycosylated).
While identifications of the mAb components presented above could be also achieved by direct infusion native MS conducted using the same capillary and the CESI-MS platform at the identical flow rate and MS conditions, we expect that the CZE separation alleviates the ion suppression effects that are still present in the direct infusion mode experiments even at such low flow rates as 20-40 nL/min and improves the detection (and potentially relative quantitation) of minor sample components when combined with native MS.
It should be noted that a variety of other approaches exist for the identification of protein aggregation, including SEC coupled to multi-angle light scattering (MALS) [66] and NMR [67] . However, for SEC-MALS, detailed characterization of subunit composition may be not achieved. For example, individual glycosylation states of Trastuzumab dimers, as identified in this study, could not be characterized by SEC-MALS. For current NMR methodologies, while smaller protein dimers may be identified, mAbs such as Trastuzumab are too large for their structure to be resolved with these approaches [68] . Thus, techniques such as native CZE-MS, enabling characterization of protein sequence and identification of higher order structure, can potentially provide important structural information. The ability to detect non-covalent assemblies of mAb molecules can be used to explore the pathways of aggregation (native and non-native) [69, 70] and assess the extent of protein aggregation, which is precluded by most other separation techniques that could not be performed online with native MS. The native CZE-MS approach can be potentially further extended to the relative quantitative or semi-quantitative analysis of aggregates in mAb-based immunotherapeutics, antibody-drug conjugates or other biopharmaceutical proteins, as well as different types of protein complexes in heterogeneous biological samples.
Native CZE-MS of the E. coli Ribosomal Extract
In this study, we also assessed the capabilities of native CZE-MS in the characterization of biological samples and proteomes of low complexity, using the protein isolate from the E. coli ribosomes. Ribosomes are non-membranous organelles that synthesize proteins from mRNA. These complex molecular machines are typically composed of over 50 distinct proteins with one to three rRNA molecules, depending on the organism. Ribosomes have traditionally been viewed as complex reproducibly-assembled ribozymes of a virtually fixed protein composition, whose function is to catalyze protein synthesis with a limited to non-existent ability to regulate this process [71] . Recent studies have revealed that ribosomes may be highly heterogeneous in their composition among various cell and tissue types [71] [72] [73] . These studies also indicated the possibility of variable protein-protein interactions within ribosomes that may alter their functional activities and specializations [71] [72] [73] [74] [75] . Detailed proteomic profiling of ribosomes and analysis of protein-protein interactions are necessary for elucidating possible mechanisms of specialized ribosomal activities. Native infusion MS analysis of the non-lysed ribosome and ribosomal subunits was recently demonstrated [41] . To our knowledge, however, no MS-based studies of ribosomal proteins performed with online separations under native conditions have been reported. In this work, we evaluated the capabilities of sheathless CZE with a commercial polyacrylamide-coated capillary coupled to a Q Exactive Plus mass spectrometer for characterization of individual intact proteoforms and noncovalent assemblies from a model sample of the E. coli ribosome protein extract under native conditions (Figure 6a, b) . Data dependent acquisition (Top N) was used to generate MS/ MS spectra. The results were then compared to those of CZE-MS analysis performed under denaturing conditions (Figure 6c, d) .
The compiled sequence database of ribosomal proteins (RPs), in combination with native CZE-tandem MS, allowed the identification of 42 ribosomal protein groups, 603 proteoform-spectrum matches (PfSMs), and 137 proteoforms in a single experiment at <1% FDR (Supplementary Tables 3,  4 ). An additional six RP identifications, corresponding to 48 in total, were made from deconvolution of native CZE-MS 1 data and manual matching of experimental and theoretical molecular masses (Supplementary Table 5 ). The combination of native CZE-MS 1 and CZE-MS 2 resulted in identification of close to 90% of the expected E. coli RPs. The migration order of RPs was closely-related to hydrodynamic volume, as smaller proteins (e.g., L36, L33) were detected first and larger proteins (e.g., S8, S9) last (Figure 7a-d, Supplementary Figure 5) .
Next, we conducted conventional CZE-MS characterization under denaturing conditions (Figure 6c, d) , and a comparison of RP species identified through deconvolution of native and denaturing CZE-MS 1 data is shown in Figure 7 . The number of molecular features detected at the low molecular weight portion of the deconvoluted spectrum (<15,000 Da) under both conditions CZE-MS 1 experiments was comparable (Figure 7 a, b) . However, in the higher molecular weight region (>30,000 Da), the native condition resulted in the detection of a larger number of molecular ion species, potentially corresponding to noncovalent protein complexes (Figure 7 a, c) . Protein-protein interactions, especially in the stalk complex of the ribosome, are not well-characterized, which made assignment of high molecular weight species difficult (Figure 7d ) [76] . These results were then supplemented with a denaturing CZE-MS 2 experiment (Supplementary Table 4 ) where a lower number of species were found. We explain this by the Bdilution^of the analyte signal across more charge states and the reduced spacing between protein ion species of different charges as well as between species with subtle mass differences, resulting from higher net charges under denaturing conditions. Nevertheless, the denaturing CZE-MS 2 experiments resulted in identification of three additional RPs not found under native conditions, demonstrating the complementarity of the approaches. In total, the combination of native and denaturing CZE-MS approaches resulted in the identification of 51 out of 55 known proteins of the E. coli ribosome, close to 200 different proteoforms, and 679 PfSMs, which was unachievable in direct infusion experiments.
The above identification of RPs from native and denaturing CZE-MS 2 experiments was achieved using Byonic software (Protein Metrics). In our searches, we used a fragment mass tolerance of 20 ppm and an FDR < 1%. As an example of RP identifications, in Figure 6 we show the extracted ion electropherogram (Figure 6e ) and specific precursor ions for the ribosomal protein S8 (MW: 14.1 kDa) (Figure 6f ). The corresponding CZE-MS 2 spectrum is then matched to theoretical peaks in situ, resulting in the identification of the protein with an N-terminal Met-truncation, which matched the corresponding experimental mass with an error of~5 ppm (Figure 6g ). Another example involves the ribosomal protein L36 (MW: 4.37 kDa). For L36, the extracted ion electropherogram is shown in Figure 6h , followed by the detected precursor ions, shown in Figure 6i . The CZE-MS 2 spectrum used to identify an oxidation with high confidence at Arg 11 is then shown in Figure 6j . Other ribosomal and ribosome-associated proteins and their specific PTMs, as well as non-covalent complexes, were determined in an analogous manner and are shown in Supplementary Table 5 .
We also processed the CZE-MS 2 data using ProSightPC in addition to the analysis via Byonic. While the re-analysis of native experiments did not yield additional identifications, searches of the denaturing data resulted in the identification of an additional five ribosomal proteins (L24, L6, L14, L34, S10). However, the ProSightPC searches did not yield any additional RP identifications through the combination of native and denaturing approaches. Nevertheless, several ribosomeassociated proteins and additional PfSMs corresponding to RPs, not previously found by Byonic, were identified by ProSightPC. The former included stationary-phase-induced ribosome-associated protein and cold shock protein A that were likely co-purified along with other ribosomal proteins during the isolation and protein extraction steps.
Identification of ribosomal extract components by both software tools was achieved using database searching of CZE-DDA-MS 2 against a database constructed on the basis of the results from the bottom-up LC-MS 2 analysis (i.e., bottom-up guided native MS analysis) (Supplementary Table 3 ). Identification of individual proteins and protein complexes from a complex mixture would be considerably more challenging without a target database (e.g., limited samples) and may lead to a lower profiling depth and an increased FDR. Higher efficiency fragmentation techniques and more advanced bioinformatics approaches (both database-and spectral library-based in combination with MS deconvolution) are needed to address these limitations.
It should be mentioned that in this study, glacial acetic acid was used to precipitate ribosomal RNA for the extraction of RPs, similar to the approach described in [42] . A brief exposure to denaturing conditions was then followed by reconstitution of the protein extract into physiological pH buffer (ammonium acetate, pH 7.5). Even a brief exposure to denaturing conditions is expected to result in protein unfolding and dissociation of non-covalent interactions for at least some complexes. However, certain non-covalent interactions, including coordination of metal ions and multisubunit protein-protein interactions, can be stable at such conditions [77] [78] [79] . We anticipated that the reconstituted RP extracts would contain non-covalent complexes that were (1) stable enough to survive the denaturing conditions, and (2) reassembled after the buffer exchange to native conditions. While the latter reconstituted complexes An example of RP characterization using the developed workflow is demonstarated for S8 (14.0 kDa) and L36 (4.36 kDa). Native CZE-MS 1 analysis resulted in the migration of S8 at 23.58 min, represented by the extracted ion electropherogram for the most prominent charge state (8+) (e). The ESI mass spectrum for the entire S8-corresponding electrophoretic peak is revealed in (f). Fragmentation of S8 via DDA-HCD resulted in unambiguous identification of S8 with a N-terminal Met-loss. Detected b-and y-ion distributions are shown in (g). Another example is shown for RP L36. The extracted ion electropherogram for the 4+ charge state of L36 is shown in (h), followed by the corresponding ESI mass spectrum (i) and the CZE-MS 2 spectrum with identified fragment ion series (j) Figure 7 . Comparison of ribosomal protein identificaiton between native and denaturing CZE-MS analyses. CZE-MS 1 analyses of proteins extracted from the E. coli ribosomal isolate were conducted under native and denaturing conditions using ammonium acetate (pH 7.5) and 3% acetic acid (pH 2.5) BGEs, respectively. MS data acquisition was performed using either low or high resolving power (17,500 or 140,000 at 200 Th, respectively) on a Q Exactive Plus instrument (a). A comparison of deconvolution results between native (all top panels) and denaturing (all bottom panels) CZE-MS 1 analyses resulted in a similar distribution and quantity of identified proteins in mass ranges 1 and 2 (400 -15,000 Da and 15,000-31,000 Da) (b, c). However, for higher molecular weight species, native separations resulted in the identification of more peaks than the corresponding denaturing run (d). For CZE separations performed with high resolution MS data acquisition, numerous low MW proteins were identified that were not observed through deconvolution of low resolution spectra (e). Specifically, L36, S22, and L34 -all below 5550 Da -were readily identified. Identifications of specific ribosomal proteins were achieved either via Byonic analysis of CZE-MS 2 data (black labels) or via manual interpretation of CZE-MS 1 deconvolution data (blue labels). Peaks elucidated by one set of conditions (native or denaturing) and not the other are annotated with red stars. For both low resolution and high resolution experiments, zoom-in views of the region corresponding to proteins L7/L12 and L22 (12, cofactors. This was evident from both accurate intact mass measurements and fragmentation spectra, even though unambiguous localization of the coordination sites was often not possible from the acquired HCD spectra (Supplementary Figure 6A-C) . Several PTMs were readily detected including oxidation, N-terminal methylation and acetylation, internal methylation and acetylation, N-terminal methionine truncation, phosphorylation, and deamidation. Methylation at the Nterminal α-amino group is an important PTM commonly found on large macromolecular assemblies, such as ribosomes [81] . N-terminal methylations of S11, L16 and L33 were unambiguously elucidated via native CZE-MS 2 analyses (Supplementary Figure 7A -C), which are in agreement with findings reported in a previous study [82] . N-terminal acetylation is also a common protein PTM that confers stability to proteins, in addition to being crucial for cellular localization, regulation, and function. N-terminal acetylation at S5 and S18 was reliably confirmed via native CZE-MS 2 (Supplementary Figure 8A , B), in agreement with previous reports [82] [83] [84] [85] . In both cases, acetylation was observed on N-terminal Ala residues of the Met 1 -truncated proteoforms, as expected. Numerous oxidation sites, N-terminally deamidated, and Met 1 -truncated proteoforms of RPs were also observed. Methylation of Lys and Arg, as well as di-methylation of Lys, was also found on various internal residues of RPs (L25, S8, S3, S16, S12, L2, L16, L35, L24, L20, L17, and S4). However, localization of the aforementioned PTMs at specific residues was not possible in some cases due to incomplete sequence coverage from DDA-HCD MS 2 . Similarly, a phosphorylated variant of L36 was also detected, with the corresponding PTM likely at Ser 6 . All proteoforms identified from CZE-MS 2 , as well as their match scores, determined and expected molecular masses, and sequence coverage values are summarized in Supplementary  Table 4 . These results show that the native CZE-MS approach can be effectively used for detailed structural characterization of ribosomes and other macromolecular complexes to better understand their functional specialization and biology. However, alternative gentler protein extraction techniques that do not require denaturing conditions should be used to more closely characterize biologically relevant complexes. In comparison, direct infusion conducted under native conditions does not readily allow for the identification of lower abundance proteoforms in such complex biological samples.
The native MS approach to protein analysis requires sophisticated and specialized MS instrumentation. For example, selection of precursor ions for MS 2 fragmentation is limited by a 2500 Th upper selection threshold on the quadrupole of the Q Exactive Plus mass spectrometer. A considerable number of analytes were above the 2,500 Th threshold, thereby precluding their selection for MS 2 analysis. However, under denaturing acidic conditions, due to the overall increase in protein protonation and the corresponding decrease in m/z distributions of precursor ions, MS 2 analysis of larger ionized molecules was possible. In our case, denaturing CZE-MS 2 experiments resulted in additional identifications of RPs and their PTMs. For example, proteins S21, L7/L12, and L11 were detected in the intact CZE-MS 2 experiment using a denaturing BGE but not observed with the native BGE; presumably these proteins were present as multi-subunit RP complexes under native conditions.
Detected exclusively under denaturing CZE-MS conditions, protein L7/L12 is an extensively studied ribosomal protein that is biologically active as a tetramer bound to the protein L10. Proteins L7 and L12 possess identical primary structures and differ by a single PTM at their N-termini. L7 is known to be acetylated at the N-terminal Ser residue, whereas L12 is known to possess methylation instead of acetylation at the same residue [85, 86] . Additionally, proteins L7 and L12 are singly methylated at their ε-amino groups of residues Lys 81 [82] . L7/L12 forms a pentameric complex with L10 (L10(L7/ L12) 2 (L7/L12) 2 ) as a part of the ribosomal stalk called L8 [76, 87] . The L8 complex interacts with the translation factors IF2, EF-Tu, EF-G, and RF3, which were not identified in native or denaturing analyses; however, several of these were detected in bottom-up experiments (Supplementary Table 3 ). The top-down CZE-MS 2 approach with the denaturing BGE employed in this work resulted in the identification of internal methylation at either Lys 84 or Lys 81 of L7/L12. While the exact localization of the PTM was not achieved via DDA-HCD MS 2 , previous studies reported on internal methylation at Lys 81 [82] (Supplementary Figure 9A) . Additionally, N-terminally acetylated (L7) (Supplementary Figure 9B) and non-acetylated (L12) variants were also detected (Supplementary Figure 9C) .
A potentially important application of native CZE-MS is the detection of protein-protein interactions. However, as stated previously, due to the sample preparation technique used in this study to extract RPs, protein-protein and protein-metal ion complexes detected after sample reconstitution may not represent native confirmations. Here, we demonstrate proof-ofprinciple results to show the potential of native CZE-MS in characterization of non-covalent protein complexes and interactions. For the ribosomal protein extract, several complexes were detected in native CZE-MS analyses. Several peaks detected exclusively under native conditions were interpreted as potential non-covalent complexes, including such constituents of L8 as L10(L7/L12) 2 , (L12) 4 tetramer, L10(L12) 2 (L12) tetramer [87] (Figure 7d ), whereas both L7 and L12 were revealed only under denaturing analysis (Insert in Figure 7b and Figure 7c ). Also, species corresponding to the molecular weight of 37,554 Da were detected under native conditions and presumed to be a homodimer of L6, which was identified in several MS 2 spectra in its monomeric form (18,772 Da) (Supplementary Figure 10A, B) . These non-covalent associations were not detected in our denaturing CZE-MS experiments, native MS direct infusion experiments, or in the previously-reported analyses of the E. coli ribosomal protein extract via nanoLC-MS conducted under denaturing separation conditions [43] .
The combined advantages of the polyacrylamide-coated capillary and the Q Exactive Plus, coupled via the commercial sheathless CESI interface, enabled analysis of the protein isolate of the E. coli ribosomal extract with confirmation of protein identities with DDA-HCD-MS 2 . Out of the total 55 unique E. coli ribosomal proteins, a single native CZE-MS 2 experiment resulted in the identification of 42 proteins of the ribosomal proteome. Additional identifications made from native CZE-MS 1 data (6) and the top-down CZE-MS 2 experiment performed under denaturing conditions (3) resulted in a total of 51 identifications, corresponding to approximately 93% of the expected proteins present in the E. coli ribosomal proteome. The depth of RP profiling is similar to the one reported in a recent study (46 RPs identified) that used the top-down reversed-phase LC-MS approach [43] . Additionally, our native CZE-MS approach resulted in identification of several noncovalent protein-protein and protein-metal ion RP complexes in the reconstituted ribosomal protein extract, which demonstrates the potential of the technique to characterize protein interactions in biological and clinical samples. In our hands, direct infusion native MS experiments were far less informative and failed to provide the similar depth of RP profiling, which highlights the need for high resolution and high sensitivity native separation coupled online to MS. Separation efficiency exceeding 150,000 theoretical plates per meter were observed for selected analyte species under native CZE-MS conditions. Both high resolution and high sensitivity are among the important attributes of native CZE-MS, which were critical for enabling deep profiling of the ribosomal proteome using limited sample amounts.
Conclusions
This work represents one of the first examples of online high performance liquid-phase separation directly interfaced with MS under native conditions. The paper demonstrates the potential of CZE for high resolution separation of proteins, protein complexes, and organelle proteome-level samples under native conditions coupled online to mass spectrometry. Native CZE-MS using commercially available instrumentation enabled detailed structural characterization of such analytes in their native, biologically active states with unaltered noncovalent interactions and spatial molecular configurations. Attributes of the online CZE-MS platform used in this study such as minimal sample consumption, ultralow flow rate separation, sheathless CZE-MS without analyte dilution, the open tubular geometry, and integration with advanced MS enabled the high sensitivity (low fmol level) for characterization of intact and functionally active proteins and non-covalent protein complexes. The platform was evaluated using a high purity monoclonal antibody, mixtures of complex-forming protein standards, and a limited proteome-level isolate of E. coli ribosomes. Analysis of the E. coli ribosomal isolate on the sheathless polyacrylamide-coated capillary CZE-Q Exactive Plus system resulted in the identification of 51 intact proteins, close to 200 proteoforms, and several non-covalent protein complexes from a complementary analysis involving both native and denaturing CZE-MS, which can be instrumental in exploring ribosome specialization.
Considering that most native MS experiments have thus far been performed either with direct infusion into the MS or with a prior offline fractionation, our efforts demonstrate that the high performance separation under non-denaturing conditions can be performed online using native CZE-MS. Such an approach could serve as an effective technique in a wide variety of potential biomedical applications requiring the analysis of stable and transient protein interactions and proteins in their native states. The high performance separation capability added to native mass spectrometry will allow one to address challenges of intrinsic heterogeneity of protein-based biomedical samples and improve the accuracy of quantitative analysis. Enabled separation of non-covalent multisubunit complexes from their monomeric and lower order multisubunit constituents could minimize the possible ambiguity of native MSbased structural characterization and quantitation. The native CZE-MS approach seems also to be promising for effective characterization of whole complex proteomes if combined with up-front fractionation.
The platform could be further improved via modification of MS instrumentation to enable selection of higher m/z precursors for MS 2 fragmentation than the instruments used in this study allowed for. Alternative fragmentation techniques, such as UVPD, ETD, and EThcD and their combined use would also aid in fragmentation of internal backbone residues of larger molecular weight proteins. Lastly, availability of MS 3 or MS n analysis on a modified Q Exactive instrument as in [39, 40] , coupled with online CESI CZE with a neutral polyacrylamide-coated capillary, is expected to aid in the characterization of individual subunits of protein complexes and elucidate locations of potential PTMs down to the level of individual residues.
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